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Abstract
Of the 7% of men affected with infertility, about 54% suffer from pre-testicular and/or testicular factor induced azoospermia/
oligospermia . This agenesis of spermatozoa has been the subject of much andrology research over the past 50 years, with a par-
ticular focus in the triggers of spermatogenesis . While much of their work is limited to murine populations, researchers have put 
a lot of emphasis on the spermatogonial stem cell (SSC) niche as the source of the trigger(s) . By following physiological patterns 
exhibited in the seminiferous epithelium, researchers have been able to detect distinct morphological stages that correlate with 
spermatogonial germ-line action . Different niche cells appear to release different concentrations of active compounds, androgens, 
and receptors during different stages. Specifically, in the steps leading up to and during SSC differentiation, Sertoli cells and germ 
line cells release retinoic acid and retinoic acid receptors . Retinoic acid appears to trigger SSCs in vitro as well . Testosterone, re-
leased by Leydig cells and potentially testicular macrophages, appears to play an essential role in a spermiation-SSC differentiation 
axis, as well as a role in GDNF production by peritubular myoid cells, both required for proper maintenance of SSC populations 
and commitment to meiosis . With new and promising research being done on the whole of the SSC niche, as opposed to just 
Sertoli cells, scientists are closer than ever to uncovering the secrets of male fertility .
Triggers of Spermatogenesis
Moses Bibi
Moses D. Bibi will graduate in January 2020 with a Bachelor of Science Honors degree in Biology, is accepted in the 
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Introduction
The mechanisms of spermatogenesis, the process by which male 
gametes are produced in the testes, are held within the constant 
and timed divisions of spermatogonial stem cells (SSCs). In a 
healthy human adult male, to maintain adequate virility, about 
1000 spermatozoa are produced per second (Johnson et al., 
1980). About 7% of men suffer from infertility (Lotti & Maggi, 
2015), whether idiopathic or organic. In as many as 90% of these 
cases, azoospermia, a lack of sperm in the ejaculate, or oligosper-
mia, a low sperm count (below 15 million sperm cells per cc 
of semen), is typically observed (Sabra & Al-Harbi, 2014). Some 
of this data can be attributed to post-testicular factors, includ-
ing anatomical blockages like tumors and congenital absence of 
the vas deferens; but much of this data, perhaps 60%, is due to 
pre-testicular and testicular issues. For example, a lack of anteri-
or pituitary hormones such as Luteinizing hormone and Follicle 
stimulating hormone (FSH), deficiencies in SSC count or serum 
testosterone could all be factors (Bernie, et al. 2013). All of these 
factors appear to be of the utmost importance for the steps of 
spermatogenesis to be carried out properly, or to be carried out 
at all. Perhaps the most essential of these steps in the journey 
from SSC to spermatozoon is the first. What triggers commit 
undifferentiated spermatogonia to meiosis? Understanding the 
triggers of spermatogenesis can ultimately lead to uncovering the 
secrets of both male fertility and infertility. This review attempts 
to collect and analyze the relevant research on this subject.
Methods
Data was collected using ProQuest and PubMed databases 
through Touro College’s online library. Among the key-phrases 
used were “triggers of spermatogenesis”, “spermatogonium”, 
“the cycle of seminiferous epithelium”, and “testosterone and 
spermatogenesis.”
The Spermatogonial Stem Cell
The testes are the male gonads, where both androgens and 
sperm are produced. Sperm is more specifically produced in the 
seminiferous tubules, which are tightly coiled throughout the tes-
tes. Sperm cells are developed within the walls of the tubules 
and, by the process of spermiation, are released into the lumen 
prior to their passage to the epididymis, where they are stored 
until released into semen. In humans, this timed and coordinated 
process, from type A pale spermatogonia to spermiation, takes 
64 days (Heller & Clermont, 1963). In order to maintain virility, 
mature sperm production must be continuous, tightly coordinat-
ed, and staggered over the 64 days. Otherwise, instead of being 
released continuously, sperm would be released into the lumina 
of multiple tubules in a pulsatile fashion, resulting in staggered 
fertility (Griswold, 2016). All sperm cells stem from SSCs. They 
are the cell that gives rise to the rest of the germ-line.
Another necessary characteristic of spermatogonia is the 
ability to replenish SSC populations as they are continuously 
committed to meiosis. In this manner, an adequate sperm count 
is maintained. At the beginning of the germ-line in human testes, 
SSCs can be identified as two types: type A dark and type A 
pale. The exact functions of these cells, or whether they are 
actually different, are not completely agreed upon (Di Persio 
et al., 2017). However, most of the literature subscribes to the 
following theory. Pale cells transition into type B spermatogonia, 
which are committed to meiosis, as well as mitotically dividing 
to maintain the proper number of SSCs. Dark cells remain on 
reserve in case of damage to the testicle or SSC population. 
According to Clermont, dark cells can be considered the true, 
most undifferentiated, SSCs in the spermatogonial germ-line, 
while pale cells are best described as the actively dividing and 
self-replenishing progenitors of B cells (Clermont, 1969; Amann, 
2008; Dym et al., 2009). Type A pale spermatogonia are the cells 
which are regularly triggered by some mechanism to enter the 
process of spermatogenesis (Gilbert, 2000). 
Many labs regularly use murine SSCs for their studies. It is im-
portant to also be familiarized with the nuances of murine SSCs 
and how they differ from humans. In mice, type A spermatogo-
nia (known in mice as type Asingle spermatogonia) only exhibit 
qualities found in human type A pale cells. Dark cells do not 
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exist in murine SSC populations. Before committing to meiosis, 
type Asingle cells divide into chains, or syncytia, of 2 (known as 
Apaired), 4, 8, or 16 (all three known as Aaligned). After this, the 
type A cells transition into A1, A2, A3, A4, B spermatogonia, and 
primary spermatocytes, in that order, before initiating meiotic 
division. Without a type A dark cell reserve, murine SSC pop-
ulations run the risk of dwindling if commitment to meiosis is 
not properly regulated. This extensive germ-line, compared to 
the human model, is thought to be necessary for the proper 
maintenance of SSC populations. What hasn’t been observed is 
by what mechanism these type A spermatogonia are triggered 
to commit to spermatogenesis.
There have been many reports that both human and mouse 
SSCs can be converted to an embryonic stem cell-like state 
without the addition of new genes (Shamblott et al., 1998; 
Donovan & de Miguel, 2003; Shim et al., 2008). The limit of the 
induced pluripotency of these cells appears to be indefinite 
(Mahapatra & Gallicano, 2014). This quality has led many re-
searchers to look solely extrinsically from SSCs for the source 
of their differentiation to spermatids. This conclusion doesn’t 
appear to be correct. Although the existence of an extrinsic 
signal seems likely, as the divisions of SSCs appear to be carefully 
timed and regulated by an outside mechanism, we cannot ignore 
the fact that intrinsic factors unique to SSCs, such as certain 
receptors, are required as well (Lin et al., 2008). 
In recent years, the dogma of where to look for influences of 
SSC commitment to meiosis has shifted from just the seminif-
erous compartment toward the whole testicular environment 
of the stem cells, otherwise known as the SSC niche (Potter & 
DeFalco, 2017). This niche is made up of cells found in both the 
seminiferous compartment, such as Sertoli cells, as well as the 
interstitial compartment, such as Leydig cells and peritubular 
myoid cells. 
The SSC Niche 
Sertoli Cells, the Cycle of Seminiferous Epithelium, 
and Retinoic Acid
The most adjacent cells to SSCs, Sertoli cells (once referred to 
as nurse cells) are essential in assisting the successful matura-
tion of spermatids from SSCs. They do so through direct con-
tact with germ-line cells and by creating the specific environ-
ment needed for proper sperm development. These triangular 
cells are bound by tight junctions, and are seen extending from 
the basement membrane to the lumen of a tubule, with SSCs, 
developing luminally directly between them. These branching 
cells are also responsible for forming the blood-testis barrier 
through tight junctions, which prevents unwanted substances 
from entering the seminiferous tubules, as well as regulating 
which tubular substances can enter the bloodstream (Anatomy 
and Physiology). This makes them an obvious candidate for in-
fluencing SSC differentiation. 
A murine spermatogonial transplant study, designed to cor-
rect genetic male infertility in mice, observed an interesting 
relationship between Sertoli cells and SSCs. Whether host, for-
eign, or rat stem cells were injected into the lumen of a mouse 
seminiferous tubule, Sertoli cells were observed transporting 
them to the basal layer, a movement that requires the break-
ing and making of tight junctions between adjacent Sertoli cells 
(Brinster & Avarbock, 1994; Russel & Brinster, 1996). It can be 
inferred that Sertoli cells have a specific mechanism for rec-
ognizing SSCs, perhaps through cadherins (Griswold, 1998). It 
follows that the relationship between Sertoli cells and SSCs may 
be more essential than previously thought. 
The number and size of murine Sertoli cells is potentially 
regulated by FSH released by the pituitary during the pubertal 
stage (Steinberger & Jakubowiak, 1993; Meachem et al., 1996). 
These conclusions continued to be confirmed by later studies 
performed with prepubertal murine Sertoli cells but proved 
difficult to be repeated with cells from older mice (Griswold, 
2018b). The studies of the effects of FSH on murine Sertoli cells 
in culture also exhibitted a positive correlation between the ex-
posure of FSH and the production of Androgen Binding Protein 
(ABP) by Sertoli cells. There was evidence that spermatogenic 
cells took up ABP, and that overexposure to ABP led to an in-
creased number of SSCs in vitro and in vivo (Gerard et al., 1994; 
Jeyaraj et al., 2002). A homologue to ABP was isolated in human 
Sertoli cells (Hammond, 2011). Further studies on this chemical 
may be able to confirm an undeniable link between FSH produc-
tion, the number of Sertoli cells, and the number of SSCs in vivo. 
A reasonable conclusion is that the number of Sertoli cells has 
a high correlation to the number of SSCs in vivo. 
 “This process [spermatogenesis] has been simplified mor-
phologically by recognizing cellular associations or ‘stages’ and 
‘phases’ of spermatogenesis, which progress through precisely 
Figure 1: A cross section of a seminiferous tubule highlighting the 
cellular associations between cells in the epithelial layers, maturing 
luminally (de Rooij, 2017) .
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timed and highly organized cycles. These cycles of spermato-
genesis are essential for continuous sperm production, which 
is dependent upon numerous factors, both intrinsic (Sertoli and 
germ cells) and extrinsic (androgens, retinoic acids), as well as 
being species-specific.” (Hess & de Franca, 2007) Observations 
of Sertoli cells during different stages of this cycle of the semi-
niferous epithelium has given insight to possible triggers of the 
all-important first step of spermatogenesis. 
Simply, the cycle of the seminiferous epithelium is the asyn-
chronous cycle through which SSCs, located basally, eventually 
develop into spermatids and are released into the lumen (Figure 
1). An SSC must go through four complete cycles to become 
an elongated spermatozoon. After every cycle (cycles begin at 
stage IX and end at stage VIII), a germ cell graduates into a more 
luminal layer of epithelium; at stage IX after the fourth cycle, the 
spermatid is released into the lumen. Every cycle has fourteen 
stages. Each stage in a cycle is characterized by the linear asso-
ciation (luminally to basally) between certain germ cell types 
(Figure 2), as well changes in neighboring Sertoli cells.
Understanding stages VII-IX is essential for understanding 
what triggers differentiation in SSCs. Stage VII seems to be the 
start of some obvious morphological changes in type A1/type A 
pale spermatogonia. At stage IX, type A pale spermatogonia ap-
pear to be officially committed to meiosis, by differentiating into 
the next cells in the germline. Neighboring Sertoli cells appear 
to go through many changes with the cycle, with notable chang-
es occurring at stages VII-IX as well (Parvinen, 1982; Parvinen, 
1993; Johnston et al., 2008). 
Morphologically, Sertoli cells experience dramatic changes 
with every stage of the cycle. Perhaps the two stage ranges that 
expressed the most dramatic changes were stages VII-IX and 
stages XIII-III. Stages VII-IX appeared to show an increase in ret-
inoic acid receptors, retinoic acid itself, and ABP. Stages XIII-III 
showed an increase in FSH and androgen receptors (Linder et 
al., 1991). These findings “fit the known 
functional modes of the cycle with sper-
miation, onset of spermatogonial differ-
entiation and meiosis, and tight junction 
dynamics in mode A [stages VII-IX], and 
spermatogonial expansion in mode B 
[stages XIII-III].” (Griswold, 2018b)
It has been known since 1925 that 
vitamin A, more specifically retinol (a 
precursor of retinoic acid), is needed 
for spermatogenesis. Sertoli cells were 
also found expressing retinol uptake 
and retinoic acid production (Hogarth 
& Griswold, 2010). Many vitamin A de-
pletion studies have found dramatic 
cessations of sperm production, while 
reintroduction of vitamin A led to an 
almost equally dramatic, synchronous, start of spermatogene-
sis throughout the whole length of every tubule (Morales & 
Griswold, 1987). The vitamin A depletion would usually last for 
weeks and would often leave rats and mice in very unhealthy 
states, so unequal function of SSCs at reintroduction was ex-
pected. The true magnitude of the need for retinoic acid for 
spermatogenesis may need a different model to be properly 
observed.
Since stages VII-IX, the period in which Sertoli cells have been 
observed producing retinoic acid and its receptors, directly co-
incide with the commitment of SSCs to meiosis, a connection 
between retinoic acid levels and type A pale spermatogonial 
differentiation was proposed.
Subsequent experiments found that both drug-induced and 
diet-induced vitamin A depletion led to an accumulation of type 
A spermatogonia in mice, with no progression into later cells 
in the spermatogonial germline. WIN 18,446, a drug previously 
used in studies aimed at developing a male birth control pill, was 
found to directly interfere with the aldehyde dehydrogenase 
that converted retinal to retinoic acid. When mice, who were 
given this drug for 9 days, were finally injected with retinoic acid, 
expression of Str8 mRNA and proteins (which were previously 
known to be stimulated by retinoic acid), was observed in both 
Sertoli cells and SSCs. After 24 hours, differentiation in these 
cells was observed (Hogarth et al., 2013). The drug-induced 
studies are more valid than the diet induced studies, because 
total body effects of vitamin A depletion was avoided by the 
short periods the drug was given in.
In short, these studies laid incredibly strong evidence that 
Sertoli cells, a source of retinoic acid, triggered the commitment 
of undifferentiated spermatogonia to meiosis. An obvious limita-
tion to these studies is the fact that all of the test subjects were 
murine. Human studies of retinoic acid with equal specificity 
have yet to be conducted.
Figure 2: A representation of the linear associations between certain germ cell types at each 
stage of a cycle (Amann, 2008)
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Leydig Cells, Testicular Macrophages, and 
Testosterone
Adult Leydig cells, located in the interstitial space between sem-
iniferous tubules, are responsible for the production of testos-
terone. Luteinizing hormone binds to receptors on the Leydig 
cell. This activates LDL cholesterol displacement from the cell 
membrane and its conversion to pregnenolone in the mitochon-
dria. Pregnenolone is then transported to the smooth endoplas-
mic reticulum to be converted to testosterone through a series 
of enzyme mediated reactions (Mechanisms in Medicine., 2011). 
Interstitial and peritubular testicular macrophages protect 
SSCs and other testicular structures from both foreign and 
auto-immune attacks (Mossadegh-Keller et al, 2017). Other 
mechanisms of these macrophages are not completely known 
or understood, but some researchers speculate that they might 
indirectly influence SSC differentiation by producing small 
amounts of testosterone. More plausible is the hypothesis that 
interstitial testicular macrophages interact with Leydig cells to 
affect the production of Leydig cell steroidal agents, like testos-
terone (Trpimir, 2014).
The average serum testosterone for men over 30 years of age 
is 350-750 ng/dL (Davis, 2018). In the testicle, the concentration 
of testosterone can be up to a factor 125 times that amount; 
this is due to the local production of testosterone (Comhaire 
& Vermeulen, 1976). A study on rats found that spermatogen-
esis decreased significantly when testicular testosterone con-
centrations dropped below 70mM, five times average serum 
concentrations (Zirkin et al., 1989). Due to an unusually high 
concentration of testosterone in the testes required for proper 
spermatogenesis, some point to testosterone as a major extrin-
sic signal in SSC differentiation.
Effectors of testosterone can be identified by the presence of 
androgen receptors on their cell surfaces. In the testicle, almost 
all cell types express androgen receptors and thus respond to 
testosterone. Knocking out (KO) this receptor in isolated cell 
types shows how testosterone acts in these cells. Surprisingly, 
androgen receptors have not been found on germ cells, indicat-
ing that testosterone must have an indirect effect on SSC differ-
entiation, if any effect at all. “Germ cells from testicular feminized 
mice that lacked testosterone receptors were transplanted into 
the seminiferous tubules of azoospermic mice expressing func-
tional androgen receptors. When recipient testes were analyzed 
between 110 and 200 days following transplantation, multiple 
colonies of qualitatively normal donor-derived spermatogenesis 
were seen in each recipient testis.”(Sorkitis et al., 2003) Studies 
on androgen receptor KO Leydig cells seem to show spermato-
genesis arresting at spermiation, but the protocols with which 
these experiments were carried out are questionable (Xu et al., 
2007, Smith & Walker, 2014). The agent used to knock out an-
drogen receptors was anti-Mullerian hormone. Later attempts 
at mimicking these methods found that not all Leydig cells were 
androgen receptor free, while some Sertoli cells were affected.
In three independent studies, androgen receptor KO Sertoli 
cells exhibited normal growth and proliferation in all subjects, 
showing that testosterone isn’t required for those functions(De 
Gendt et al., 2004; Chang et al., 2004; Stanton et al., 2012). 
However, analysis of the seminiferous epithelium found that 
the blood-testis barrier under-expressed necessary cadherins, 
resulting in a loss of integrity in its structure. 
Further analysis found that spermatogenesis slowed at the 
formation of elongated spermatids and arrested completely 
at spermiation, suggesting that testosterone’s interaction with 
Sertoli cells is required for these actions. Additionally, the dif-
ferentiation of spermatogonia also ceased shortly after sper-
miation did; this suggests that the mechanism of spermiation is 
involved directly with the proper maintenance of the cycle of 
seminiferous epithelium.
From the data presented, it seems likely that testosterone is at 
least indirectly involved in the differentiation of SSCs. Although 
it’s not fully understood, other studies suggest that testosterone 
is essentially involved in a regulatory axis of spermatogenesis.
Peritubular Myoid Cells and GDNF
Peritubular myoid cells (PMCs) make up the smooth muscle-like 
layer that surrounds the seminiferous tubules. Some main func-
tions of these contractile cells are to provide support as well 
as some peristaltic movement throughout the tubule. A few 
studies have suggested that PMCs may indirectly affect SSC 
differentiation.
Glial cell line-derived neurotrophic factor (GDNF), thought 
to affect the maintenance of SSC populations and SSC renewal, 
is present in both murine and human Sertoli cells (Fouchécourt 
et al., 2006). When GDNF levels are depleted, SSC populations 
dwindle while SSC differentiation is agitated. When GDNF lev-
els are elevated, SSC populations are much higher than normal, 
while differentiation is arrested completely (Meng et al., 2000). 
It has been suggested that FSH stimulates the production of 
GDNF by Sertoli cells, as observed by one study. Another study 
attempting to recreate the previous study’s data was unsuccessful 
(Crépieux, 2001). But what was generally agreed on was that, by 
some unknown mechanism, Sertoli cell production of GDNF was 
essential for maintaining SSC populations and differentiation. 
An androgen receptor KO study on peritubular myoid cells 
incidentally found that SSC populations decreased significantly. 
Further analysis found that GDNF levels were severely lowered, 
suggesting that testosterone-stimulated peritubular myoid cells 
synthesized GDNF. This was later confirmed by a study conduct-
ed in 2014 (Figure 3). The results of which bring up questions 
about which cell plays a more significant part in SSC population 
maintenance. Why original stains missed GDNF concentrations 
50
Moses Bibi
in peritubular myoid cells is probably due to the fact that these 
cells are very thin and don’t stain as well as Sertoli cells.
Germ-Line Cells
Spermiation, the process of mature spermatids being released 
into the lumen prior to their passage to the epididymis, takes 
place at the apical surface of the seminiferous epithelium. 
However, the interruption of this process further impedes 
the basal processes of SSC differentiation and commitment to 
meiosis. Interestingly, the process of spermiation directly coin-
cides with this SSC differentiation. This suggests evidence of a 
regulatory axis between the tightly coordinated processes of 
spermiation and SSC differentiation.
As spermatids are elongated, in preparation for spermiation, 
all nonessential organelles and cytoplasm are collected into a 
section attached to the head of the spermatid. Through a se-
ries of Sertoli cell interactions with these elongated cells, and 
through testosterone stimulation of a Src pathway (see Figure 
4), Sertoli cells break and remake tight junctions, mechanically 
severing this residual body from the elongated spermatid and 
releasing the sperm into the lumen. At the same time, this path-
way allows for conformational changes throughout the entire 
length of the Sertoli cell, allowing basal germ-line cells to move 
apically (Yan et al., 2008a; Yan et al., 2008b; Cheng & Mruk, 2010). 
Studies on germ-line cells have also found that descendent 
cells from SSCs exhibit a mechanism of taking up retinol and 
producing retinoic acid, a mechanism that is very similar to the 
mechanism of Sertoli cells. This discovery led to the manufac-
turing of a Sertoli cell specific variant of the drug WIN 18,446, 
called WIN 14,446. When administered before the first wave of 
retinoic acid could be initiated in mice, at 2-3 days old, the ef-
fects of WIN 14,446 were very similar to WIN 18,446. However, 
when administered at day 9, after the first wave, there appeared 
to be no effect (Griswold, 2018c). This suggests that Sertoli cell 
production of retinoic acid may be essential for starting the 
cycle of spermatogenesis, while germ-line cells may be the pri-
mary source of retinoic acid afterward. 
Discussion and Conclusion
Much of the research presented has been done strictly on mu-
rine populations, with few parallels found in humans. Almost the 
entirety of the research on retinoic acid has been done in mice. 
Future studies must be done in human populations in order 
to obtain a true understanding of spermatogenic processes in 
humans. Other topics that require more insight are (1) the con-
centration of intra-testicular testosterone needed for proper 
spermatogenesis, (2) the specific mechanisms of the regulatory 
axis between spermiation and SSC differentiation, particularly if 
the conformation of the Sertoli cell sets off differentiation, and 
(3) how the cycle of seminiferous epithelium in murine popula-
tions differs from humans. 
Additionally, a topic that goes hand-in-hand with triggers of 
spermatogenesis is the asynchronous nature of the cycle of sem-
iniferous epithelium. Throughout the length of the tubule, sperm 
are released into the lumen constantly, in an uninterrupted fash-
ion. This is due to the fact that the stage (of the cycle) at one 
portion of the tubule is not the same as the stage being carried 
out in adjacent portions. All portions of every tubule are releasing 
sperm into the lumen at a different time. In retinoic acid depletion 
studies, after spermatogenesis was completely halted, injections 
of retinol stimulated an almost synchronous restarting of the 
cycle in every part of every tubule. After about six months, the 
cycles had returned to their asynchronous nature. Obviously, this 
is a very confusing phenomenon. When asked directly about it, Dr. 
Michael Griswold, who is currently researching this issue states 
that “the key to the cycle is the conversion of A spermatogonia to 
A1 spermatogonia.  Any variance in the timing of this conversion 
would ultimately lead to asynchrony.” (Griswold, 2018a) Perhaps 
the carefully coordinated cycle of seminiferous epithelium isn’t 
as carefully coordinated as researchers once believed. This evo-
lutionary phenomenon proves to be incredibly important in the 
maintenance of mammalian fertility.
The ideas presented here is the relevant research done on the 
topic of triggers of spermatogenesis. Obviously, the research is 
heavily focused on the Sertoli cell. A reason for this is the fact 
that the field is mainly contributed to by those that can be called 
“Sertolists”. The Sertoli cell, because of its adjacency to germ 
cells, has been the obvious focus of these researchers. An exam-
ple of dangers of this bias is the peritubular myoid cell and the late 
discovery of its extremely important role in GDNF production. 
Yes, peritubular myoid cells are small and hard to stain, but many 
published micrographs didn’t even include the interstitial space. 
Perhaps the original researchers weren’t expecting the interstitial 
space to be involved.
In February 2018, researchers successfully observed human 
induced pluripotent stem cells (hiPSCs) transforming into active-
ly differentiating SSCs in vivo in mice (Fang et al., 2018).  When 
these results were attempted to be recreated in vitro with just 
hiPSCs and Sertoli cells, there was no change. The entirety of the 
Figure 3: Stains of peritubular myoid cells and SSCs in culture with 
and without testosterone (Chen et al, 2014) . A-D are grown with 
Testosterone . E-H are grown without . The molecule denoted at the 
top of each column is stained for
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niche must be present for proper functioning. As more research 
is done on the rest of the SSC niche, the field is beginning to 
experience a rise in extra-Sertoli cell understanding. And per-
haps, with this understanding, the mysteries of non-obstructive 
azoospermia and oligospermia will be uncovered.
References
Anatomy and Physiology of the Male Reproductive System. In: 
OpenTextBC.ca. https://opentextbc.ca/anatomyandphysiology/
chapter/27-1-anatomy-and-physiology-of-the-male-reproduc-
tive-system/. Accessed December 30, 2018.
Amann RP 2008 The cycle of the seminiferous epithelium in 
humans: a need to revisit? Journal of Andrology 29 469–487.
Bernie AM, Ramasamy R, Schlegel PN. Predictive factors 
of successful microdissection testicular sperm extraction. 
Basic Clin Androl. 2013;23(5):5. Published 2013 Oct 3. 
doi:10.1186/2051-4190-23-5
Brinster RL, Avarbock MR. Germline transmission of donor 
haplotype following spermatogonial transplantation. Proc Natl 
Acad Sci USA 1994; 91(24):11303–11307.
Chang C, Chen YT, Yeh SD, Xu Q, Wang RS, Guillou F, et al. 
Infertility with defective spermatogenesis and hypotestoster-
onemia in male mice lacking the androgen receptor in Sertoli 
cells. Proc Natl Acad Sci U S A. 2004;101:6876–81.
Chen LY, Brown PR, Willis WB, Eddy EM. Peritubular myoid 
cells participate in male mouse spermatogonial stem cell 
maintenance. Endocrinology. 2014;155(12):4964-74.
Cheng CY, Mruk DD. A local autocrine axis in the tes-
tes that regulates spermatogenesis. Nat Rev Endocrinol. 
2010;6(7):380-95.
Clermont Y 1969 Two classes of spermatogonial stem cells in 
the monkey (Cercopithecus aethiops). American Journal of 
Anatomy 126 57–71.
Comhaire FH, Vermeulen A. Testosterone concentration in the 
fluids of seminiferous tubules, the interstitium and the rete 
testis of the rat. J Endocrinol. 1976;70:229–235.
Crépieux P, Marion S, Martinat N, et al. The ERK-dependent 
signalling is stage-specifically modulated by FSH, during prima-
ry Sertoli cell maturation. Oncogene. 2001;20(34):4696–4709. 
Davis CP. High & Low Testosterone Levels: Symptoms, Signs & 
Side Effects. MedicineNet. https://www.medicinenet.com/high_
and_low_testosterone_levels_in_men/views.htm. Accessed 
December 30, 2018.
De Gendt K, Swinnen JV, Saunders PT, Schoonjans L, 
Dewerchin M, Devos A, et al. A Sertoli cell-selective knockout 
of the androgen receptor causes spermatogenic arrest in 
meiosis. Proc Natl Acad Sci U S A. 2004;101:1327–32.
de Rooij D.G. (2017) Organization of the Seminiferous 
Epithelium and the Cycle, and Morphometric Description of 
Spermatogonial Subtypes (Rodents and Primates). In: Oatley J., 
Griswold M. (eds) The Biology of Mammalian Spermatogonia. 
Springer, New York, NY
Di Persio, S., Saracino, R., Fera, S., Muciaccia, B., Esposito, V., 
Boitani, C., Berloco, B. P., Nudo, F., Spadetta, G., Stefanini, M. et 
al. (2017). Spermatogonial kinetics in the human. Development 
144, 3430-3439.
Donovan PJ and MP de Miguel. (2003). Turning germ cells into 
stem cells. Curr Opin Genet Dev 13:463–471.
Dym M, Kokkinaki M & He Z 2009 Spermatogonial stem cells: 
mouse and human comparisons. Birth Defects Research. Part 
C, Embryo Today 87 27–34.
Fang Fang, Zili Li, Qian Zhao, Honggang Li, Chengliang Xiong; 
Human induced pluripotent stem cells and male infertility: 
an overview of current progress and perspectives, Human 
Reproduction, Volume 33, Issue 2, 1 February 2018, Pages 
188–195
Fouchécourt S, Godet M, Sabido O, Durand P. Glial cell-line-
derived neurotropic factor and its receptors are expressed 
by germinal and somatic cells of the rat testis. J Endocrinol. 
2006;190(1):59–71.
Gerard H, Gerard A, En Nya A, Felden F, Gueant JL. 
Spermatogenic cells do internalize Sertoli androgen-binding 
protein: a transmission electron microscopy autoradiographic 
study in the rat. Endocrinology 1994; 134(3):1515–1527.
Gilbert, Scott F. Developmental biology. Sunderland, Mass: 
Sinauer Associates, 2000. Print.
Griswold MD (a). 2018. Personal Communication. “Re: 
Question for Thesis.” Message to Moses Bibi. Sent 17 Oct 
2018. Via Email.
Griswold MD. Spermatogenesis: The Commitment to Meiosis. 
Physiol Rev. 2016 Jan; 96(1): 1–17.
Griswold MD. The central role of Sertoli cells in spermatogen-
esis. Cell & Dev Bio, Vol 9, 1998: pp 411-416
Griswold, MD (b). 50 years of spermatogenesis: Sertoli 
cells and their interactions with germ cells. Biology of 
Reproduction. 2018, 99(1), 87–100.
Griswold MD (c), Hogarth C. Beyond stem cells: Commitment 
of progenitor cells to meiosis. Stem Cell Res. 2018; 27:169-171.
Hammond GL. Diverse roles for sex hormone-binding globulin 
in reproduction. Biol Reprod 2011; 85(3):431–441.
Heller CG, Clermont Y. Spermatogenesis in Man: An Estimate 
of Its Duration. Science, Volume 140, Issue 3563, 12 April 1963, 
Pages 184-186
Hess R.A., de Franca L.R. (2009) Spermatogenesis and Cycle 
of the Seminiferous Epithelium. In: Cheng C.Y. (eds) Molecular 
Mechanisms in Spermatogenesis. Advances in Experimental 
Medicine and Biology, vol 636. Springer, New York, NY
Hogarth CA, Evanoff R, Mitchell D, Kent T, Small C, Amory JK, 
Griswold MD. Turning a spermatogenic wave into a tsunami: 
synchronizing murine spermatogenesis using WIN 18,446. Biol 
Reprod 2013; 88(2):40.
Hogarth CA, Griswold MD. The key role of vitamin A in sper-
matogenesis. J Clin Invest 2010; 120(4):956–962
Jeyaraj DA, Grossman G, Weaver C, Petrusz P. Dynamics of 
52
Moses Bibi
testicular germ cell proliferation in normal mice and transgenic 
mice overexpressing rat androgen-binding protein: a flow 
cytometric evaluation. Biol Reprod 2002; 66(4):877–885.
Johnson L, Petty CS, Neaves WB. A compariative study of daily 
sperm producion and testicular composition in humans and 
rats. Biol Reprod 22: 1233–1244, 1980.
Johnston DS, Wright WW, Dicandeloro P, Wilson E, Kopf GS, 
Jelinsky SA. Stage-specific gene expression is a fundamental 
characteristic of rat spermatogenic cells and Sertoli cells. Proc 
Natl Acad Sci USA 2008; 105(24):8315–8320.
Lin Y, Gill ME, Koubova J, Page DC., Germ cell-intrinsic and 
-extrinsic factors govern meiotic initiation in mouse embryos., 
Science 2008 Dec 12; 322(5908):1685-7
Linder C, Heckert L, Roberts K, Kim K, Griswold M. 
Expression of receptors during the cycle of the seminiferous 
epithelium. Ann NY Acad Sci 1991; 637:313–321.
Lotti F, Maggi M. Ultrasound of the male genital tract in 
relation to male reproductive health. Hum Reprod Update. 
2015;21:56–83.
Mahapatra S., Gallicano I., ES-Like Cells Derived from Adult 
Human Testes Can Be Expanded Indefinitely and Differentiated 
into Beta Cell Like Cells Capable of Secreting Insulin, Mol Ther 
Vol 22, 1 May 2014
Meachem SJ, McLachlan R, de Kretser D, Robertson DM, 
Wreford NG 1996 Neonatal exposure of rats to recombinant 
follicle stimulating hormone increases adult Sertoli cell and 
spermatogenic cell numbers. Biol Reprod 54:36-44
Mechanisms in Medicine. Testosterone Production [Video]. 
YouTube. https://www.youtube.com/watch?v=djqqao2Uebo. 
Published April 1, 2011. Accessed December 26, 2018.
Meng X, Lindahl M, Hyvönen ME, et al. Regulation of cell fate 
decision of undifferentiated spermatogonia by GDNF. Science. 
2000;287(5457):1489–1493.
Morales CR, Griswold MD. Retinol induces stage synchroniza-
tion in seminiferous tubules of vitamin a deficient rats. Ann NY 
Acad Sci 1987; 513:292–293.
Mossadegh-Keller N, Rebecca Gentek, Gregory Gimenez, 
Sylvain Bigot, Sebastien Mailfert, Michael H. Sieweke. 
Developmental origin and maintenance of distinct testicular 
macrophage populations. The Journal of Experimental Medicine, 
2017.
Parvinen M. Cyclic function of Sertoli cells. In: Russell LD, 
Griswold MD (eds.), The Sertoli Cell. Clearwater, FL: Cacahe 
River Press; 1993: 349–364.
Parvinen M. Regulation of the seminiferous epithelium. Endocr 
Rev 1982; 3(4):404–417.
Potter SJ, DeFalco T., Role of the testis interstitial compart-
ment in spermatogonial stem cell function., Reproduction. 
2017 April; 153(4): R151–R162
Russell LD, Brinster R 1996 Ultrastrucural observations of Ž 
spermatogenesis following transplantation of rat testis cells 
into mouse seminiferous tubules. J Androl 17:615]627
Sabra SM, Al-Harbi MS. An influential relationship of seminal 
fluid microbial infections and infertility, Taif Region, KSA. World 
J Med Sci. 2014;10:32–7.
Shamblott MJ, J Axelman, S Wang, EM Bugg, JW Littlefield, PJ 
Donovan, PD Blumenthal, GR Huggins and JD Gearhart. (1998). 
Derivation of pluripotent stem cells from cultured human pri-
mordial germ cells. Proc Natl Acad Sci USA 95:13726–13731. 
Shim SW, DW Han, JH Yang, BY Lee, SB Kim, H Shim and HT 
Lee. (2008). Derivation of embryonic germ cells from post 
migratory primordial germ cells, and methylation analysis of 
their imprinted genes by bisulfite genomic sequencing. Mol 
Cells 25:358–367.
Smith LB, Walker WH. The regulation of spermatogenesis by 
androgens. Semin Cell Dev Biol. 2014;30:2-13.
Sorkitis N., A.Kaponis, Y.Mio, D.Makredimas, D.Giannakis, 
Y.Yamamoto, N.Kanakas, H.Kawamura, J.Georgiou, M.Schrader, 
E.Lolis, X.Giannakopoulos, D.Loutradis, V.Tarlatzis and 
I.Miyagawa. Germ cell transplantation: a review and progress 
report on ICSI from spermatozoa generated in xenogeneic 
testes. Human Reproduction Update, Vol.9, No.3 pp. 291-307, 
2003
Stanton PG, Sluka P, Foo CF, Stephens AN, Smith AI, McLachlan 
RI, et al. Proteomic changes in rat spermatogenesis in response 
to in vivo androgen manipulation; impact on meiotic cells. PLoS 
One. 2012;7:e41718.
Steinberger A, Jakubowiak A. Sertoli cell culture: historical 
perspective and review of methods. In: Griswold MD, Russell 
LD (eds.), The Sertoli Cell. Clearwater, FL: Cache River Press; 
1993: 154–179
Trpimir Goluža, Alexander Boscanin, Jessica Cvetko, et al., 
“Macrophages and Leydig Cells in Testicular Biopsies of 
Azoospermic Men,” BioMed Research International, vol. 2014, 
Article ID 828697, 14 pages, 2014.
Xu Q, Lin HY, Yeh SD, Yu IC, Wang RS, Chen YT, et al. Infertility 
with defective spermatogenesis and steroidogenesis in male 
mice lacking androgen receptor in Leydig cells. Endocrine. 
2007;32:96–106
Yan HH (a), Mruk DD, Lee WM, Cheng CY. Blood–testis barrier 
dynamics are regulated by testosterone and cytokines via their 
differential effects on the kinetics of protein endocytosis and 
recycling in Sertoli cells. FASEB J. 2008;22:1945–1959.
Yan HH (b), Mruk DD, Wong EW, Lee WM, Cheng CY. An 
autocrine axis in the testis that coordinates spermiation and 
blood–testis barrier restructuring during spermatogenesis. 
Proc. Natl Acad. Sci. USA. 2008;105:8950–8955.
Zirkin BR, Santulli R, Awoniyi CA, Ewing LL. Maintenance of ad-
vanced spermatogenic cells in the adult rat testis: quantitative 
relationship to testosterone concentration within the testis. 
Endocrinology. 1989;124:3043–9.
